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ABSTRACT
Urban ecosystems interact with surroundings via land cover changes and their subsequent
impact on surface temperature. In emerging countries, large urban agglomerations often
form around cities, and only a few studies have evaluated their impact. This study carries
out the first ever large-scale assessment of urban heat island (UHI) and reflects on its mitiga-
tion in Morocco. The analysis reveals a well-defined UHI in urban areas built within vege-
tated lands and an urban heat sink (UHS) in urban areas built within arid regions. Both UHI
and UHS amplitudes are higher during day than nighttime, emphasizing vegetation physio-
logical activity. This study shows a monotonic increase in UHI amplitude with urban area
size. However, unlike previous studies, this analysis shows that, as urban areas built in des-
ert-like environments grow in size, the UHS gradually decreases to ultimately turn into an
UHI. On average, cities built within vegetation are warmer than the rural fringe by 1.51 C
during daytime. This suggests that daytime urban heating may exacerbate the potential cli-
mate warming. These results also suggest that adapted trees constitute a natural cooling
mechanism and should be part of urban heating mitigation in Morocco.
RESUME
L’interaction des ecosystemes urbains avec l’environnement se traduit par des changements
dans la couverture terrestre et une modulation de la temperature de surface qui en resulte.
Dans les pays emergents, de grandes agglomerations urbaines se forment autour des villes
et seules quelques etudes ont evalue leur impact. Cette etude realise la toute premiere
evaluation a grande echelle de l’^ılot de chaleur urbain (ICU) et reflechit a son attenuation
au Maroc. L’analyse revele un ICU bien defini dans les zones urbaines construites dans des
zones de vegetation et un puit de chaleur urbain (PCU) dans les zones urbaines construites
dans des regions arides. Les amplitudes des ICU et PCU sont plus elevees le jour que la
nuit, mettant l’accent sur l’activite physiologique de la vegetation. Nous montrons une aug-
mentation monotone de l’amplitude ICU avec la taille de la zone urbaine. Cependant, con-
trairement aux etudes precedentes, notre analyse montre que, lorsque les zones urbaines
construites dans des environnements de type desertique deviennent de plus en plus
grandes, le PCU diminue progressivement pour devenir finalement un ICU. En moyenne, les
villes construites dans la vegetation sont plus chaudes que la peripherie rurale de 1,51 C
pendant la journee. Cela suggere que la chaleur diurne urbaine pourrait exacerber le
rechauffement climatique potentiel. Nos resultats suggerent egalement que les arbres
adaptes constituent un mecanisme de refroidissement naturel et devraient faire partie de la
lutte contre le rechauffement urbain au Maroc.
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Introduction
Urbanization is a process whereby populations move
from rural to urban areas, forcing them to grow.
Urbanization is one of the long lasting forms of land
transformation, and presents seemingly conflicting
attributes as it occupies a relatively small area but has
large socio-ecological consequences with important
feedback to ecosystems and climate (e.g., Bounoua
et al. 2015a and references therein).
Among the most important impacts of urbanization
on surface climate are higher surface temperatures
and more frequent heat waves (Chestnut et al. 1998).
Urban areas are not all built the same way, nor are
they built with the same material. In most urban
areas, the material used in buildings and pavement
construction is darker than its surroundings.
Consequently, it absorbs more energy and causes the
urban surfaces and the air immediately around them
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to warm faster than their surrounding vegetated areas.
This contrast in temperature creates, thus, the so-
called urban heat island (UHI) (e.g., Oke 1982;
Quattrochi et al. 2007; Imhoff et al. 2010; Zhang et al.
2010; Zhang et al. 2012; Bounoua et al. 2017). The
urban heat island (UHI) is a response to land trans-
formation and is being the center of interest across
science disciplines as it affects human activities,
health, ecosystem function, and potentially climate.
The UHI has several causes, but is essentially related
to a reduction in latent, at the expense of sensible,
heating in urban areas where building materials with
high thermal inertia (Oke 1982; Owen et al. 1998;
Imhoff et al. 2010; Bounoua et al. 2015b) has
replaced vegetation.
The UHI is defined as the temperature difference
between the urban and rural zones. When this differ-
ence is positive it is referred to as an UHI; however,
when the difference is negative it is referred to as an
urban heat sink (UHS), indicating that the urban core
is colder than its surroundings (Li et al. 2011; Imhoff
et al. 2010; Bounoua et al. 2015b).
The UHI can be studied using either air tempera-
ture or surface temperature (Grimmond and Oke
2002; Shepherd and Burian 2003; Imhoff et al. 2010)
using data from meteorological stations (e.g., Zhang
et al. 2014) or from remote sensing (e.g., Al-Hamdan
et al. 2016; Lachir et al. 2016). It has been found that
the air temperature UHI is stronger during the night
than during the day (Oke 1973; Souch and
Grimmond 2006) compared with UHI defined using
surface temperature, which is more intense during the
daytime (Imhoff et al. 2010; Zhang et al. 2012; Zhao
et al. 2014).
Remotely sensed Earth observations are being
increasingly used to characterize urban areas in differ-
ent aspects of urban research (Bounoua et al. 2009;
Zhang et al. 2010; Imhoff et al. 2010; Lachir et al.
2016; Al-Hamdan et al. 2016; Bounoua et al. 2015a,
2018a, 2018b) and different remote sensing products
have been used to assess the land surface temperature
(LST). For example, Chow et al. (1994) and Streutker
(2002) used data from the advanced very high reso-
lution radiometer (AVHRR), while Kato and
Yamaguchi (2005) and Lu and Weng (2006) used the
Advanced Space borne Thermal Emission and
Reflection Radiometer (ASTER) onboard of Terra. On
the other hand, Weng (2009) used Landsat Thematic
Mapper (TM) - Enhanced Thematic Mapper plus
(ETMþ), while Frey et al. (2012) used data from the
Moderate Resolution Imaging Spectroradiometer
(MODIS). More recently, Imhoff et al. (2010) and
Zhang et al. (2010) used remotely sensed impervious
surface area (ISA) as an indicator of the extent and
intensity of urbanization for UHI analysis at regional
and global scales. Previous studies reported that UHI
was higher in summer than in winter over different
cities (e.g., Zhang et al. 2005). In the US, Imhoff et al.
(2010) show that, on yearly average, urban areas are
substantially warmer than the non-urban fringe by
2.9 C and that a remarkable asymmetry existed
between average UHI during summer (4.3 C) and
winter (1.3 C). On the other hand, Yuan and Bauer’s
(2006) analysis indicated a strong linear relationship
between LST and ISA for all seasons, whereas the
relationship between LST and NDVI was much less
strong and varied by season. The background local cli-
mate contribution to UHI is detailed in Zhao
et al. (2014).
In Morocco, a semi-arid country in North Africa,
cities have increased rapidly following economic
development. For instance, circa 2014 about 59.7% of
the total population lived in cities (UN 2014). This
urban growth has directly increased the demand for
housing, roads, parks, and business buildings, and
often at the expense of suburban or rural vegetated
lands. To date, only a few recent studies have assessed
the impact of urbanization and evaluated the UHI
over 2 urban areas in Morocco, Casablanca (e.g.,
Azmi et al. 2015; Bahi et al. 2016) and Marrakech
(Lachir et al. 2016), and have linked the UHI effect to
rapid local urbanization with no indication about UHI
spatial distribution nor its national impact. The
objective of this study is to combine Landsat and
MODIS data to map urbanization and to assess its
associated UHI throughout Morocco. This is the first
extensive study using satellite data to characterize the
UHI over the 24 largest urban areas of Morocco.
Study area
Morocco is located in North West Africa and extends
along the North Atlantic Ocean (Figure 1) over an
area of 710,850 km2 (HCP, Haut-Commissariat au
Plan Rabat, MAROC 2006). It is administratively sub-
divided into 12 regions, its population totals 33.8 mil-
lion inhabitants, of which more than half live in
urban areas circa 2014 (RGPH 2015). The administra-
tive capital of Morocco is Rabat and its economic cap-
ital and largest urban area is Casablanca. Compared
to a census conducted by the High Commission for
Planning (HCP) in 2014, Morocco is experiencing a
growing urbanization at the expense of rural living. In
2004, the urbanization rate was 55%, currently it is
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60.2% (UN-HABITAT 2016). This urban growth has
had significant consequences on urban surface
temperature.
Morocco’s climate varies from temperate along the
coasts with mild winters and dry warm summers, to
continental in the interior, with colder winters and
hot and dry summers. The southern regions are semi-
arid and turning to arid within the Sahara desert
(Library of Congress 2006; MCCP, Morocco’s Climate
Change Policy 2014).
Materials and methods
Mapping the urban areas from Landsat
The study uses 48 Landsat-8 scenes at 30 m 30 m
horizontal resolution for the year 2013 from the US
Geological Survey (USGS) to cover the study area—
Morocco. Landsat data was used to differentiate
artificial surfaces—impervious surfaces from natural
surfaces. We employed a Geographic Information
System (GIS) based on spatial analysis for all pre-
treatments and a supervised classification to map the
land cover over the study region.
Satellite images taken by sensors generally contain
atmospheric effects. An atmospheric correction was
applied to extract these effects from observations; here
we converted Landsat digital numbers to physically
measure top of atmosphere reflectance (TOA) and
used the dark object subtraction (DOS), a widely used
method, to carry out the atmospheric correction
(Norjamaki and Tokola 2007). A supervised classifica-
tion of urban and non-urban areas was then per-
formed. Landsat images were used within the
supervised maximum likelihood classifier (ML) based
on Bayes’ classification and in which a pixel is
assigned to a class according to its probability of
belonging to a particular class (Lillesand et al. 2004).
Figure 1. Study region (Morocco) and location of the sampled urban areas.
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Before launching a classification, 4 classes: urban,
vegetation, water, and bare soil, were defined in order
to avoid confusion between classes that have similar
reflectance and to distinguish the transition between
the built and the natural environment. For that we
created 2 sets of training regions (region of interest,
ROI) for the 4 classes by digitizing polygons based on
high resolution images from Google Earth and on site
observation where available, 1 set was used for the
classification and the other set was used for the valid-
ation. In total, 300–400 samples, depending on the
composition of scenes, spread across the region and
classes, were used. The confusion matrix and visual
analysis were used to assess the classification’s quality.
Overall, the classification presents an accuracy
between 80% and 98% over the 48 scenes. An example
of the confusion matrix for the region of Nador is
presented in Table 1, while Figure 2 shows an
example of the classification and emphasizes the
impervious surface area (ISA) for 3 different
urban areas.
For this paper, we selected the urban class and pro-
duced an ISA product at 1 km 1 km resolution
expressed in percent. To do that, we aggregate the
urban class from 30 m 30 m resolution within a
1 km 1 km and express the fraction of urban area in
percent of the 1 km 1 km grid. Figure 3A shows an
example of the aggregation for the urban area of
Tangier. We then stratify each individual urban area
into 3 zones based on ISA density and defined start-
ing from the core of the urban area and going out-
ward, the urban core with pixels having more than
25% ISA (ISA 25%), the suburban zone containing
pixels with ISA between 25% and 5% (25%> ISA
5%) and the rural or non-urban zone with pixels
having less than 5% ISA (ISA <5%) and located
within the administrative boundaries of each urban
area (Figure 3A). The stratification follows that of
Imhoff et al. (2010) established for US cities but dif-
fers from it in term of thresholds of ISA delimiting
the different zones. In our study region, the urban
areas are formed of disorganized conglomerate of
impervious surface with frankly detectable density
contrast between the urban core and the suburbs, but
no clear separation exists between the suburbs and
rural zones. Furthermore, while Imhoff et al. (2010)
stratification included 5 separate zones, the one pre-
sented here is a simplified 3-zones version adapted to
the size of the urban areas in our study region.
We applied this stratification throughout the study
region and calculated the urban core size for all urban
areas, which totaled 140. In order to reduce the num-
ber of urban areas, we have selected 2 per region
based on the largest urban core size in each of the 12
administrative regions (Figure 1). In Eddakhla-Oued
Eddahab region (R12), the only urban area detected
with Landsat was that of Eddakhla; however, it did
not have viable land surface temperature (LST) data
available for the study of UHI. For this reason, we
augmented the number of urban areas to 3 for the
regions of Rabat-Sale-Kenitra (R4) from northern
Morocco and the region of the Draa-Tafilalet (R8) in
southern Morocco for a total of 24 urban areas fully
characterized by Landsat and MODIS data. The
selected urban areas are listed in Table 2.
For each urban area defined in Table 2, we ana-
lyzed the urban heat island (UHI), the urban heat
sink (UHS) during both growing and non-growing
seasons and during day and nighttime. The growing
season was determined using the normalized differ-
ence vegetation index (NDVI). Further grouping is
performed during the analysis based on urban cores
presenting a UHI versus those having a UHS, another
comparison based on urban core size was also set to
compare urban cores with size less than 25 km2, to
those with core size between 25 km2–45 km2 and those
with core size more than 45 km2. A second analysis
included urban cores with a size less than 5 km2,
between 5 km2–15 km2 to those having more than
15 km2 in size. This size-based analysis is inspired by
the study of Zhang et al. (2010). However, because in
our study region urban areas are smaller compared to
those in the US, we grouped them based on scales
commensurate to their sizes.
Normalized difference vegetation index (NDVI)
To describe the variation of the vegetation density
over each zone of the selected urban areas, we used
the 16-day, 500 m  500 m (MOD13A1) composite
time series of MODIS NDVI from version 6 covering
the entire year of 2013 (Huete et al. 1994, 1997). The
NDVI was reprojected from its original sinusoidal
Table 1. Confusion matrix of the scene that contains the
Nador urban area.
Ground Truth (Percent)
Class Soil Vegetation Water Urban Total
Unclassified 0.00 0.00 0.00 0.00 0.00
Soil 97.17 0.00 0.87 5.11 47.50
Vegetation 0.67 100.00 0.17 0.00 24.25
Water 2.07 0.00 98.96 0.00 19.96
Urban 0.09 0.00 0.00 94.89 8.29
Total 100.00 100.00 100.00 100.00 100.00
Note. Overall Accuracy ¼ 98%.
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projection to UTM WG84 using the MODIS
Reprojection Tool (Dwyer and Schmidt 2006) and co-
registered to conform to aggregated imagery. A data
quality analysis was performed to remove low quality
NDVI values. Quality Assurance maps (QA) for
MODIS products were developed (Roy et al. 2002).
These maps are presented as data layers embedded in
MODIS products. For this study, the assessment of
the data quality was carried out using the TiSeG tool
“Time-series generator” (Colditz et al. 2008).
According to user-defined settings, the tool visualizes
the spatial and temporal data availability by generating
2 indices, the number of invalid pixels and the
maximum gap length. This tool allows users to decode
the quality layer information (QA), define the desired
quality criteria, and filter the data according to these
criteria. The quality settings can be user-modified spa-
tially and temporally to account for regional and sea-
sonal variations of data quality. The user can then
visualize the filtered valid data (result of the quality
analysis), record the data where the invalid pixels are
either masked or reconstructed by spatial or temporal
interpolation.
We finally used the 1 km raster grid and converted
the pixels to polygons to obtain shape file covering
Morocco. Using this gap-filled NDVI product and the
Figure 2. Upper panels: example of the classification outcome for the 3 named urban areas. Darkened regions represent urban
areas and white regions represent a mix of vegetation and bare soil. Orange contours represent the administrative limits of the
designated urban areas. Lower panels are the same size Google Earth (GE) images showing, in grey color, the urban areas within
the contour limiting the designated urban areas. GE images are provided for visual comparison only.
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1 km shape file, we computed the mean NDVI within
the 1 km1 km pixel for the 23 16-day MODIS com-
posite periods of the year. Figure 3C shows an
example of the averaged NDVI time-series for the
Tangier urban area. This filtered NDVI data is used
to define the growing season (GS) and non-growing
season (NGS) for each urban area. The growing sea-
son is limited between its onset, defined as the first
period where the NDVI starts to increase, and the end
of the senescence phase where the NDVI reaches a
threshold density. An example of determination of GS
and NGS for the urban region of FES is presented in
Figure 4.
Land surface temperature (LST)
We use MODIS-Aqua version 05 8-day composite
land surface temperature (MYD11A2) at 1 km1 km
Figure 3. Urban area of Tangier, (A) Impervious surface area (%) obtained by aggregation to 1 km pixel; (B) Mean NDVI for Period
1 at 1 km  1 km pixel; and (C) Time series of mean NDVI for each of the 3 zones.
Table 2. Selected urban areas for each region.
Regions Selected Urban Areas Regions Selected Urban Areas
Oriental (R1) Nador
Oujda
Marrakech-Safi (R7) Safi
Marrakech
Tangier-Tetouan-Al Hoceima (R2) Tangier
Tetouan
Draa-Tafilalet (R8) Ouarzazate
Zagora
Tinghir
Fes-Meknes (R3) Meknes
Fes
Souss-Massa (R9) Agadir
Inzegane
Rabat-Sale-Kenitra (R4) Sale
Kenitra
Rabat
Guelmim-Oued Noun (R10) Tantan
Guelmim
Beni Mellal-Khenifra (R5) Beni-Mellal Khouribga Laayoune-Sakia El Hamra (R11) Essmara
Laayoune
Grand Casablanca-Settat (R6) Casablanca Mohammedia Eddakhla-Oued Eddahab (R12) Eddakhla
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horizontal resolution. The data was filtered using
pixel-level quality assurance information to generate
high quality surface temperature values. We use the
same MODIS-algorithm (TiSeG) and same method-
ology to fill gaps in LST time series. MODIS LST data
was compared to in-situ measurements and was found
to be accurate to better than 1K in most clear sky
cases (Wang et al. 2008).
The LST was used to characterize the horizontal
temperature gradient across the different zones of the
urban areas. Therefore, the urban area temperatures
were obtained over the respective zones at daytime
1:30 pm and nighttime 1:30 am and the UHI was com-
puted as the temperature difference between the urban
core and the rural zone for each of the selected urban
area. For some urban areas, for which we could not
estimate the GS, the UHI was estimated for the summer
(June–August) and winter (November–January) seasons.
Results and discussion
The urban heat island: regional scale
Using Impervious Surface Area (ISA) data, a spatial
stratification defining 3 ISA zones is applied for each
of the 24 urban areas. To assess the amplitude and
phase of the UHI over the selected urban areas, we
calculated the spatial average temperature differences
between the urban core and the rural zone for all
urban areas during the growing season (GS) and out-
side of the growing season (NGS) at 1:30 pm
(daytime) and 1:30 am (nighttime). The GS and NGS
were determined using local vegetation phenology
based on the 16-day composite NDVI seasonal cycle.
In urban areas characterized by an insignificantly
small value of NDVI, or those which did not have a
well-defined seasonal cycle, we have calculated the
UHI during summer time (June–August) and winter-
time (December–February) at the same satellite over-
pass. For all regions, we were able to identify the GS
and NGS seasons except for the urban areas of Zagora
and Tinghir in region R8, Tantan in region 10, and
Essmara and Laayoune in region 11.
As expected and in line with previous research’s
results obtained over North Africa (e.g., Bounoua et al.
2009; Lachir et al. 2016), in all regions the greatest tem-
perature differences are noted during the growing sea-
son daytime. However, the geographic location of the
urban areas (e.g., high vs. low altitude) and their rural
surroundings imposed some inter-urban variations and
contrasts between the region’s UHI diurnal cycles. For
all the 24 urban areas studied using the vegetation
phenology, 16 presented an UHI and 3 presented an
UHS. 5 urban areas had no significant growing season.
The analysis of the UHI reveals 2 distinct categories
of urban areas: a category with positive UHI for urban
areas built within vegetated regions and a category
with negative UHI or Urban Heat Sink (UHS) for
those urban areas built within desert-like regions. The
first category did not present a large variance in term
of inter-regions GS-UHI amplitude. For example, the
Figure 4. NDVI values for the urban area of Fes composited every 16 days for the year 2013. The figure is for illustration purpose
and shows the determination of the growing season (GS). The total non-growing season combines the 2 NGS periods shown on
each side of the GS.
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spatially averaged UHI for the 16 urban areas is
1.51 ± 0.36 C. On the other hand, the small number
of urban areas presenting an UHS led to a much
larger standard deviation around the mean
–0.48 ± 0.26 C. To present a perspective on the range
of the UHI/UHS over all the regions, we show all the
selected urban areas’ GS day- and nighttime UHI
amplitude in each of the 12 regions (Table 3). Among
all urban areas of Morocco, Rabat the capital city has
the highest daytime UHI amplitude of 2.07 C and
1.69 C at night and this is related to its impervious
area density, which represents 64.41% of the urban
core, and its surrounding vegetation composed of
trees and lawns. On the other hand, Marrakech
presents the smallest daytime UHI of 0.77 C.
For some urban areas, the daytime and nighttime
mean UHI had statistically significant different ampli-
tudes at the 95% confidence level. For example, the
daytime UHI is 1.87 C and the nighttime is 1.01 C
in Tangier, a large urban area located in the
Mediterranean coastal region (R2), whereas in
Marrakech, an urban area located in the semi-arid
interior region (R7), the daytime and nighttime UHI
amplitude of 0.77 C and 0.75 C, respectively, show a
non-statistically significant difference with p-value ¼
0.08. The diurnal variation of the UHI amplitude is a
signature of the role of vegetation in the modulation
of surface temperature between urban core and the
surrounding rural zones. During daytime when photo-
synthesis is active in the rural zone, it generates tran-
spiration cooling which strongly contrasts with the
urban core high temperature to produce a large day-
time UHI amplitude. At nighttime, the vegetation is
dormant, therefore, not cooling the air while the
urban core cools faster; leading to a reduction of the
UHI. This contrast in the diurnal UHI amplitude is
not evident in Marrakech, an urban core surrounded
by sparse vegetation.
For the urban areas in arid environment like
Ouarzazate, Inezgane, and Guelmim, we found that
the UHI is transformed into an urban heat sink
(UHS). There, the cooling associated with the tran-
spiration from imported exotic trees and irrigated
lawns in the urban core makes it cooler than the sur-
rounding desert temperatures.
Because of the similitude in the urban areas’ UHI
patterns between regions, we elect to show the urban
area of Tangier as a representative of the Tangier-
Tetouan-Al Hoceima region in the northern
Mediterranean part of the country for the UHI, and
the urban region of Guelmim as representative of the
southern region of Guelmim-Oued Noun for the
UHS. The graphical representations of the UHI com-
puted for the 2 urban areas during the growing season
day and nighttime is shown in Figure 5. While the
urban area of Tangier shows a fully developed day-
time and nighttime UHI, a clear reversal in the sign
of the urban core minus rural zone surface tempera-
ture is observed in Guelmim, revealing a well-defined
UHS with an amplitude of 0.78 C during the day and
an insignificant trend at night. Guelmim is the capital
city of the Guelmim-Oued Noun region and a gate-
way to the desert. Its climate, relatively mild and wet
during the growing season (November to March)
allows for several varieties of trees and shrubs, includ-
ing the iconic palm-trees. This vegetation is main-
tained through resource augmentation (fertilization
and irrigation) and plays an important role in reduc-
ing the daytime surface temperature in the urban core
as compared to the surrounding rural zone, maintain-
ing thus a relatively larger UHS.
UHI and vegetation: urban area scale
We selected the urban area of Tangier to illustrate the
relationship between the LST and the vegetation
Table 3. Urban areas growing season (GS) daytime and nighttime UHI amplitude in each of the regions. For Zagora, Tinghir,
TanTan, Es Semara, and Laayoune, the UHI was computed during summer and winter (see text for details).
Region Cities GS Day GS Night Region Cities GS Day GS Night
Region 1 Nador 1.51 1.1 Region 7 Safi 1.53 1.27
Oujda 1.31 1.12 Marrakech 0.77 0.75
Region 2 Tangier 1.87 1.01 Region 8 Ouarzazate 0.33 0.42
Tetouan 1.55 0.91 Zagora 1.65 0.35
Tinghir 2.07 1
Region 3 Meknes 1.57 1.05 Region 9 Agadir 1.13 0.79
Fes 1.85 1.5 Inezgane 0.32 0.54
Region 4 Sale 1.71 1.4 Region 10 Guelmim 0.78 0.07
Rabat 2.07 1.69 TanTan 0.25 0.53
Kenitra 1.3 0.71
Region 5 Beni Mellal 0.95 0.46 Region 11 EsSemara 0.04 0.11
Khouribga 1.73 0.88 Laayoune 0.48 0.44
Region 6 Mohammedia 1.36 1.19 Region 12 Eddakhla NA NA
Casablanca 1.94 2.1
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activity as represented by the density of its NDVI.
The effect of vegetation in modulating land surface
temperature is documented in Bounoua et al. (2015b),
who showed that the daytime mean temperature dif-
ference between impervious and vegetated lands is
correlated to daytime vegetation transpiration and
suggested that the amount and choice of tree species
in urban areas plays an important role in modulating
surface temperature and represents a natural cooling
mechanism to reduce the urban heat generated by the
build-up. Analysis of LST and NDVI in the urban
area of Tangier reflects this dynamic at the annual
cycle. Indeed a strong inverse relationship exists
between the daytime LST and the NDVI composited
over the same 16-days period (Figure 6). The daytime
surface temperature is highest during summer months
when vegetation density is low and reaches its
minimum during the growing season when the vege-
tation reaches its maximum density and reduces the
surface temperature through evaporation.
For the region of Tangier, the monthly average LST
reaches about 37.4 C during the month of July, while
the average NDVI reaches the smallest value (0.33).
This phase opposition between the LST and the NDVI
indicates that a large part of the contrast in tempera-
ture making the Surface UHI is generated by vegeta-
tion surrounding the urban areas. The summer (JJA)
mean diurnal temperature range (dtr), obtained as a
difference between summer daytime and nighttime
temperatures, is 5.45 C (Table 4), this represents a
lower value compared to that of the winter (DJF) dtr
of 10.62 C and is characteristic of coastal humid
urban areas where nighttime cooling is slowed by
high air relative humidity.
Figure 5. Growing season daytime and nighttime urban heat island amplitude for the urban areas of Tangier and Guelmim.
Figure 6. Seasonal variation of spatial average daytime LST and NDVI for the Tangier urban area.
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The analysis is carried further to include the vari-
ation in LST during the summer and winter, both
during daytime and nighttime (Figures 7A and 7B).
Since this region’s growing season (GS) extends into
late spring–early summer, its mean dtr of 5.35 C
(Figure 7C) is similar to that found during summer
months. To isolate the role of vegetation on the
region’s dtr we also calculated the mean surface tem-
peratures during the non-growing season’s (NGS)
daytime and nighttime (Figure 7D). During the NGS
the vegetation is not active; thus most of the energy
received from the sun during the daytime is absorbed
by the soil and because there is no, or little, soil mois-
ture a large part of the energy is restored as sensible
heat and used to increase surface temperature
(Bounoua et al. 2015b; Lachir et al. 2016). The fast
response of surface temperature to energy input leads
to the daytime stored energy to quickly restore to the
air at night in the form of long wave radiation, result-
ing in the highest dtr of the season, 13.96 C.
From this analysis, one can suggest that the cooling
effect of vegetation on surface temperature may be
represented by the difference between the GS and
NGS daytime average values which for the urban area
of Tangier is a cooling of about –4.06 C.
To further explore the seasonal variation of the
UHI amplitude in this region, we carry out the ana-
lysis using the stratification developed over the 3
zones. The UHI is computed as a difference in tem-
perature between the urban core and the rural zone
and is compared to the NDVI difference over the
same zones. The analysis is carried out monthly and
following the vegetation seasonal cycle for both day
and nighttime.
The seasonal variation of the UHI as well as the
NDVI is shown in Figure 8. The UHI is positive for
most of the year, implying a higher temperature in
the urban core than the surrounding. UHI with a
maximum amplitude of 3.1 C during the month of
June (DOY 129). During winter days, however, the
urban core becomes cooler than the rural zone form-
ing thus an UHS. This reversal in the sign of the UHI
is due in large part to 2 physical phenomena—albedo
and evaporation. During the winter, in addition to
high albedo in the urban core, the soils are exposed
and precipitation water evaporates at potential rates,
thus exacerbating the cooling compared to rural
zones, in which transpiration is limited by low tem-
peratures, thus shunting most of the absorbed energy
into sensible heating. These results are consistent with
previous urban studies over other arid and semi-arid
regions, which showed that urban areas exhibit a rela-
tively weak UHI (Bounoua et al. 2009), and some-
times even a heat sink when evaporation is important
(Shepherd 2006). On the other hand, the seasonal
variation of NDVI is negative year-around, implying
that the rural zone is always greener than the urban
core. However, within this paradigm the increase in
vegetation density in the rural zone during the grow-
ing season results in largest NDVI differences and
Table 4. Monthly mean day and night time LST and NDVI
for Tangier.
Months LST Day (C) LST Night (C) NDVI (Unit less)
January 17.60 7.71 0.55
February 17.85 6.51 0.54
March 20.55 8.79 0.55
April 25.98 22.50 0.52
May 29.01 28.34 0.45
June 34.31 34.17 0.36
July 37.40 27.15 0.33
August 36.35 20.13 0.31
September 31.77 17.34 0.32
October 28.10 14.46 0.34
November 21.45 10.05 0.40
December 17.72 8.36 0.44
Figure 7. LST for summer, winter, GS, and NGS day- and nighttime for the Tangier urban area.
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creates a strong contrast between the temperatures in
the urban core and the rural zone. The 2 indicators
are in near-opposition of phase and suggest that the
temperature difference between the urban and rural
zone is strongly modulated by vegetation physio-
logical activity.
Seasonal averages of UHI during day and nighttime
for the urban area of Tangier are illustrated in Figure
9. Overall, the growing season UHI has the greatest
amplitude during both daytime (1.87 C) and night-
time (1.01 C). The UHI is still maintained during the
non-growing season nighttime but is weak, whereas
during the daytime the urban core turns into a weak
UHS. During the summer and winter, the UHI is still
visible both during day and night, but with much
smaller amplitude (Figure 9).
Urban heat island: country scale
Since our regional results indicated that the amplitude
of the UHI and UHS was more important during the
GS and NGS than during the calendar seasons, we
focus the country level analysis on during these peri-
ods. We further discriminate in our country-level ana-
lysis between the average UHI and UHS by grouping
all urban areas having a daytime UHI (16 urban
areas) and all urban areas having a daytime UHS (3
urban areas).
We calculated the average temperature differences
between the urban core and the rural zone for these
groupings, for the GS daytime (1:30 pm) and night-
time (1:30 am).
For those urban areas which presented a positive
UHI, mostly built within vegetated regions, the urban
cores were on average warmer than their rural sur-
roundings by 1.51 C during the daytime and 1.12 C
at night; both of these differences are more than twice
their corresponding standard deviations and therefore
are unlikely to be due to chance at the 95% confi-
dence level. On the other hand, the UHS effect
occurred in those urban areas built in desert-like envi-
ronments, was relatively small and does not appear to
Figure 8. Relationship between NDVI difference (green) between the urban core and the rural zone on the right-axis (dimension-
less) and UHI (C) (red) left-axis for the Tangier urban area.
Figure 9. Seasonal averages of the UHI amplitude for daytime and nighttime.
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be statistically significant at the 95% confidence inter-
val (Table 5). These values are within the range of
those found by Zhang et al. (2010) over urban areas
in the continental US.
This result suggests that, within urban areas, the
urban heating may exacerbate the potential warming
generated by climate change (IPCC 2014) and the glo-
bal average 1.5 C temperature target set by the
United Nations Framework Convention on Climate
Change (UNFCCC 2015) may be reached sooner than
expected. This implication carries a national social
responsibility, knowing that more of the country’s
population will live in cities in the next decades.
To gain a better understanding of the spatial
impact of urbanization on the surface temperature in
the country, we further disaggregate the analysis for
the 12 administrative regions (Figure 10). The analysis
reveals the strongest UHI over regions R1–R4, occu-
pying the northern part of the country north of the
Middle Atlas mountain, with maxima GS daytime and
nighttime UHI amplitudes of 1.87 C and 1.48 C,
respectively, recorded in the Oriental (R1). Both dur-
ing day and night the UHI decreases from the north-
ern regions towards the interior of the country. In the
semi-arid (R8) and arid (R10) regions, the daytime
UHI turns into a well-defined UHS. There, trees are
imported and planted in urban cores and maintained
through irrigation, thus keeping the urban core cooler
than its surrounding bare lands. For example, in the
urban area of Guelmim the daytime UHS amplitude
of 0.78 C is recorded with an insignificant value dur-
ing nighttime when vegetation is not active.
To assess the potential relationship between the
size of an urban settlement and its impact on surface
temperature, we grouped the urban areas based on
their size across all the selected urban areas and esti-
mated the average daytime GS UHI and UHS. Our
analysis shows that the UHI amplitude is directly pro-
portional to the size of the urban area (Figure 11A).
Table 5. Country-scale average UHI (positive) and UHS (nega-
tive) amplitude and standard deviations (SD).
Daytime (C) SD Nighttime (C) SD
UHI 1.51 ±0.36 1.12 ±0.41
UHS 0.48 ±0.26 0.30 ±0.32
Figure 10. Regional average day and nighttime GS UHI. No LST was available for R12.
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In Morocco, urban areas are not large and, as such,
the average UHI amplitude is 1.5 C. This result is
in line with previous studies of UHI (e.g., Zhang et al.
2010; Imhoff et al. 2010) which showed that, for the
continental US, the averaged UHI for urban areas
smaller than 50 km2 is about 2.5 C (Zhang et al.
2010). To the contrary, we show that the UHS
decreases with an increase in urban size and its ampli-
tude is much smaller than that of the UHI. In
Morocco and for the selected urban areas, the
observed UHS ranges from 1.01 C for urban areas
smaller than 5 km2 to 0.33 C for urban areas larger
than 15 km2. This result seems counterintuitive.
However, in urban areas built in desert-like environ-
ments, such as Guelmim (R10) and Ouarzazate (R8)
and similar cities, the urban core is greener than its
surroundings due to irrigated vegetation and, there-
fore, slightly cooler during the daytime. Furthermore,
relatively large business districts and industrial com-
plexes with much less vegetation often surround such
urban areas, increasing thus the buildup area and
reducing the UHS (Figure 11B).
In order to contextualize the urban heating and
cooling effect, we construct a temperature profile
across the urban core and extend it to the rural zones
surrounding it. 2 urban areas, built in different eco-
logical environments, are chosen to illustrate the
cross-urban area temperature profile: the urban areas
of Tetouan located in Northern Morocco (R2) and
Ouarzazate located in the arid region Draa-Tafilalet
(R8) in southern Morocco. While the 2 urban areas
are close in terms of size, their ecological contexts, as
defined by the NDVI and surface temperature, are
much contrasted. Tetouan is built in a densely vege-
tated area with a GS mean NDVI of 0.45, whereas
Ouarzazate is built in a desert-like environment with
a GS mean NDVI of 0.19. These 2 urban areas dem-
onstrate the importance of ecological context as a
modulator of the UHI effect. While the urban core in
Tetouan creates a well-defined UHI with an amplitude
of 1.55 C, in Ouarzazate, the urban core is cooler
than rural zones by 0.33 C—a relatively small num-
ber compared to the accuracy of the MODIS LST
product—but it nevertheless points to the direction of
a heat sink, as postulated by Bounoua et al. (2009),
Shepherd (2006), and Imhoff et al. (2010). The aver-
aged GS daytime LST profile across the urban core
for the 2 urban areas is shown in Figure 12.
The relationship between the UHI and the urban
area size in all the selected urban areas listed in Table
2 appears quasi-linear (Figure 13) and explains 46%
of the total variance with a standard error of 0.56 C.
This form of distribution is similar to the relationship
between the UHI and the population size described in
Landsberg (1981).
Concluding remarks
The objective of this study was to map urbanization
in order to analyze the urban heat island. We focused
on amplitude of the UHI and its relationship to the
fraction of impervious surface, as well as the size of
urban cores in urban areas across Morocco. The study
uses satellite data to characterize both the urban areas,
the land surface temperature, and the surrounding
vegetation phenology. To date, it is the first spatial
assessment of the UHI over the 24 largest urban areas
characteristics of the 12 regions of Morocco.
Among the 24 selected urban areas, only 3 built in
desert-like environments in southern Morocco pre-
sented an UHS. Those which presented a well-defined
UHI were located in the northern part of the country
and were built within a vegetated landscape. This dis-
tribution of UHI versus UHS mirrors the biogeo-
graphical distribution of the country, with large arid
lands south of the Atlas Mountains and semi-arid to
humid urban lands north of it. The results show the
UHI to be strongly modulated by the surrounding
landscape. Indeed, when an urban area is built, the
choice of its building material determines its surface
Figure 11. Average (A) UHI (C) and (B) UHS (C) of urban areas by size.
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energy balance and, thus, its average day and night-
time temperatures. The amplitude of the UHI it forms
depends greatly on the nature of its surrounding. A
vegetated surrounding landscape is cooler and gener-
ates a stronger daytime UHI, whereas a non-vegetated
surrounding maintains a relatively higher surface tem-
perature, closer to that of the urban core, and, there-
fore, generates a much weaker UHI. In the case of an
arid surrounding landscape, the urban area is often
much cooler than surroundings, due to urban vegeta-
tion maintained through resource augmentation, and
generates an UHS. This temperature differential is
important, especially in the context of climate warm-
ing. In 2015, 196 parties to the UN Framework
Convention on Climate Change (UNFCCC) adopted
the Paris agreement, a legally binding framework for
an internationally coordinated effort to tackle climate
change. The agreement is an ambitious collective goal
to hold warming well below 2 C, with efforts to limit
warming to 1.5 C. This study draws attention to
urban areas, which are already warmer than their sur-
roundings and will always be above the ambient tem-
perature. It shows that at national level the warming
brought by urbanization is 1.5 C during daytime
and 1.12 C at night, and this extra warming is above
and beyond the climate warming referred to in the
Paris agreement.
The study also reveals the important role of vegeta-
tion in modulating the urban warming and points to the
use of vegetation as a natural mitigation mechanism in
urban cores. From this and previous studies, it is clear
that urban forests will not only help in the sequestration
of more carbon from the atmosphere, but through the
same process will cool the surface temperature as well.
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Figure 12. GS mean surface temperature profile across Tetouan and Ouarzazate. From the urban core, spatial average surface tem-
perature is calculated using rings of pixels with outward 2 km increment. GS temperature (C) on the left-axis for Ouarzazate and
on the right-axis for Tetouan.
Figure 13. Relationship between UHI and urban area size in Morocco.
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